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ABSTRACT 

The present invention provides a two-step catalyst system for 
purifying exhaust gases containing reductive component comprising 
hydrocarbon, nitrogen oxides and excess amount of oxygen than the 
stoichiometricai amount to perfectly oxidize all the reduction 
component, said catalyst system comprises placing a hydrocarbon 
oxidization catalyst having high perfect oxidation activity of 
hydrocarbon at the first zone in the flow of the exhaust gases, and 
placing a NOx decomposition catalyst to decompose nitrogen oxides 
to nitrogens and oxygens at the second zone downstream in the 
exhaust gases flow path. 
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CATALYST AND METHOD FOR PURIFYING EXHAUST GASES 

FIELD OF THE INVENTION 

The present invention relates to a two-step catalyst system 
and method using that catalyst system for purifying exhaust gases 
which are exhausted from internal combustion engines, such as a 
5 lean-burn engine, a 2-stroke engine and a diesel engine which are 
driven at higher ratio of air to fuel (lean-burn air to fuel ratio), and 
from boilers, gas turbines and so on. These exhaust gases typically 
contain excess oxygen and nitrogen oxides. 

10 BACKGROUND OF THE INVENTION 

Currently to prevent earth-warming phenomena, the merits of 
internal combustion engines of the lean-burn type, for example 
gasoline lean-burn engines, diesel engines and so on, are considered. 
However, because the technology for the removal of nitrogen oxides 

1 5 (NOx) in the presence of excess oxygen in the exhaust gases emitted 
by such internal combustion engines has not been well-developed, 
these internal combustion engines have not been extensively used. 
Previously, nitrogen monoxide (NO) and nitrogen dioxide (N0 2 ) within 
nitrogen oxides (NOx) have been believed to cause acid rain and 

20 photochemical smog, while nitrous oxide (N 2 0) had been thought to 
not to contribute to such acid rain and photochemical smog. 
Currently, however, it is thought that it may be at least possible that 
nitrous oxide causes earth-warming effects and destruction of the 
ozonosphere, and in the future it will be necessary to control 

25 exhausting of such nitrous oxide. 



As methods of purifying exhaust gases containing nitrogen 
oxides (NOx), the following two methods have been reported: (1) a 
three-way catalyst (TWC) in which internal combustion engines are 
30 operated at the ratio of air to fuel at a near stoichiometric amount, 
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and oxidation of carbon monoxide (CO) and hydrocarbon (HC) and 
reduction of nitrogen oxides (NOx) in exhaust gases are 
simultaneously performed; (2) selective reduction method of reducing 
nitrogen oxides (NOx) in exhaust gases with near stoichiometrical 
5 amount of ammonia where ammonia is to added to the exhaust gases 
stream, and nitrogen oxides (NOx) is reduced by catalysts, such as 
V 2 0 5 /Ti0 2 etc. 

Certain catalysts which cause direct catalytic decomposition of 
10 nitrogen oxides (NOx) are known. For example: 1) Cu ion-exchanged 
ZSM-5 (Japanese Patent Laid-Open No. Shou 60-125250 
(85/125250)), 2) certain perovskite catalysts containing Cu or Co 
(Teraoka et al., Chem. Lett, 1 (1990); Shimada et al., Chem. Lett, 
1797 (1988)) and 3) certain Pd/MgO catalyst (Ogata et aL, Appl. 
15 Catal., 65:L11 (1990)). 

In the context of purifying exhaust gases containing excessive 
oxygen, certain catalysts also have been reported for selective 
reduction of nitrogen oxides (NOx) in which remaining hydrocarbons 

20 (HC) in exhaust gases can be used as reducing agent. For example, 
(1) methods of using zeolite catalysts, metallosilicate catalysts or 
alumina phosphate catalysts ion-exchanged with transition metals 
such as Cu, Co and so on (U.S. Patent No. 4,297,328, Japanese 
Patent Laid-Open No. Shou 63-100919 (88/100919), Japanese 

25 Patent Laid-Open No. Hei 3-127628 (91/127628), Japanese Patent 
Laid-Open No. Hei 3-229620 (91/229620), Japanese Patent Laid- 
Open No. Hei 1-112488 (89/112488)), or (2) methods of using 
certain catalysts which contain certain noble metals, such as Pd, Pt, 
Rh etc., loaded on a porous material carrier, such as zeolite, alumina, 

30 silica, titania etc., (Japanese Patent Laid-Open No. Hei 3-221143 
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(91/221 143), Japanese Patent Laid-Open No. Hei 3-221 144 
(91/221144)), have been reported. 

To attempt to remedy the shortcomings of such single catalyst 
5 systems and provide more effective purification of exhaust gases, 
certain multi-step combination catalysts have been reported. 

For example, (1) Cu ion-exchanged zeolite catalyst (NOx 
reduction catalyst) at the upstream + Pt/alumina catalyst (HC and 

10 CO oxidation catalyst) at the downstream (Japanese Patent Laid- 
Open No. Hei 1-139145 (89/139145), Japanese Patent Laid-Open 
No. Hei 4-367713 (92/367713)), (2) Au/Fe 2 0 3 (CO oxidation 
catalyst) at the upstream + Cu/crystalline silicate (NOx reduction 
catalyst) at the downstream (Japanese Patent Laid-Open No. Hei 4- 

15 341346 (92/341346)), (3) Pd or Rh/alumina (CO oxidation catalyst) 
at the upstream + Pt/alumina (NOx reduction catalyst) at the 
downstream (Japanese Patent Laid-Open No. Hei 5-7737 (93/7737)), 
(4) Ni or Ru/alumina (HC reforming catalyst) at the upstream + 
Pt/alumina (NOx reduction catalyst) at the downstream (Japanese 

20 Patent Laid-Open No. Hei 5-76776 (93/76776)) or (5) Pt, Rh or 

Pd/alumina (NO oxidation catalyst) at the upstream + Cu/zeolite (N0 2 
reduction catalyst) at the downstream (Japanese Patent Laid-Open 
No. Hei 5-96132 (93/96132)), such two-step combination catalysts 
were reported. 

25 

These above mentioned methods each have some problems. 
For example, with respect to the three way catalyst of the above 
noted (1), the efficiency of NOx purification is extremely low at 
higher ratios of air to fuel. The ammonia reduction of the above 
30 noted (2) is also problematic because of the equipment required with 
use of poisonous gaseous ammonia. 
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Moreover, with respect to the NOx selective reduction catalyst 
of (1), the temperature range of effective NOx purification is 
relatively high at higher than 350°C, and in exhaust gases containing 
water at higher than 650°C serious thermal deterioration of the 
5 catalyst can occur. With respect to a catalyst such as the above 
mentioned (2), at relatively low temperatures of 200 °C to 300 °C 
NOx is reduced, but the effective temperature range is narrow and a 
considerable amount of N 2 0 can be produced as partial reduction 
product of NOx. Accordingly, these catalysts are generally not 
10 suitable for practical use. 

Further, the above mentioned NOx decomposition catalyst 1) is 
said to have an activity at 300°C to 500°C, but in the presence of 
water (H 2 0) and oxygen (0 2 ) the catalyst can become deactivated. 
15 The above mentioned catalysts 2) and 3) also have problems such as 
that the effective temperature range of 700°C to 800°C is too high, 
rendering the catalysts generally not suitable for practical use. 

And with respect to the above mentioned methods (1) to (5} of 
20 multi-step combination catalysts, since in principle the efficiency of 
NOx elimination depends on the selective reduction ability of NOx 
with CO and/or HC, it is necessary that a certain amount of CO, HC 
and/or H 2 is left in the exhaust gases as reducing agents. Therefore, 
perfect oxidation of CO and/or HC is not achieved. 

25 

Additionally, the above mentioned systems may not be capable 
of meeting more stringent exhaust gas control standards than current 
standards, including such standards that may be effective in near 
future (e.g. HC control value of ULEV in California, USA). Moreover, 
30 the catalysts mentioned in (3) and (4) above have a problem of 
producing N 2 0 as a by-product. 
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SUMMARY OF THE INVENTION 

The present invention has overcome such problems of the prior 
art. The present invention provides a novel and effective catalyst 
system and method for purifying of exhaust gases containing a 
5 reductive component comprising hydrocarbon, nitrogen oxides and 
oxygen in excess of a stoichiometrical amount. The catalyst system 
and method of the invention achieves a high level of denitrification at 
a wide range of temperature, including from 200°C to 500°C, can 
achieve high levels of purification of HC and CO at more than 200°C, 
10 and produces no or at least substantially no N 2 0 as a by-product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a graph showing the purifying ability of exhaust 
model gas of lean-burn engines as obtained in Comparative Sample 1 . 

15 

Figure 2 is a graph showing the purifying ability of exhaust 
model gas of lean-burn engines as obtained in Comparative Sample 2. 

Figure 3 is a graph showing the purifying ability of exhaust 
20 model gas of lean-burn engines as obtained in Comparative Sample 3. 

Figure 4 is a graph showing the purifying ability of exhaust 
model gas of lean-burn engines as obtained in Example 1 of the 
present invention. 

25 

Figure 5 is a graph showing the purifying ability of exhaust 
model gas of lean-burn engines as obtained in Comparative Sample 4. 



30 



Figure 6 is a graph showing 
model gas of lean-burn engines as 
present invention. 



the purifying ability of exhaust 
obtained in Example 2 of the 
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Figure 7 is a graph showing the purifying ability of exhaust 
model gas of lean-burn engines as obtained in Example 3 of the 
present invention. 

5 DETAILED DESCRIPTION OF THE INVENTION 

The methods of the invention include purifying exhaust gases 
which comprise a reduction component containing hydrocarbon and 
greater amount of oxygen and nitrogen oxides than the 
stoichiometrical amount needing to perfectly oxidize all the reduction 

10 component. The methods include placing at least two catalyst zones 
along side, or in the flow path, of the exhaust gas stream. The first 
catalyst zone (i.e. the upstream catalyst area) contains a HC 
oxidation catalyst having a high perfect oxidation ability of HC. The 
second catalyst zone, downstream from the first zone (i.e. 

15 downstream with respect to the flowpath of the exhaust gases and 
therefore contacts the exhaust gases after such gases contact the 
first catalyst zone), contains one or more NOx decomposition 
catalysts which decompose NOx to N 2 and 0 2 in the presence of a 
lower concentration of HC than the concentration of HC present in 

20 the exhaust gas at the first catalyst area, or in the substantial 
absence of HC. 

The present inventors have studied the selective reduction 
reaction of NOx by HC in lean-burn engine exhaust model gases in 

25 the presence of platinum catalyst on carrier. It has been found that a 
certain platinum catalyst on a carrier provide the higher conversion of 
NOx under the lower concentration of HC, contrary to prior reports. 
It was also found that the highest conversion of NOx was achieved in 
the absence of HC (i.e. zero or essentially zero HC concentration), 

30 and that N 2 0 was not produced as a by-product in such absence of 
HC. According to these findings, methods to purify exhaust gases 
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containing high ratios of oxygen and which achieve high levels of 
removal of CO and HC, high levels of removal of NOx and produce 
low levels of N 2 0 have been provided, and the present invention has 
been accomplished. 

5 

As used herein, the term perfect oxidation reaction of HC 
means a reaction producing only C0 2 and H 2 0 from HC and 0 2 
without producing alcohol, aldehydes, ketone, CO, etc. Such a 
perfect oxidation reaction is distinct from a partial oxidation reaction 
10 which produces alcohol, aldehyde, ketone, CO and so on. 

The catalyst system for purifying exhaust gases of the present 
invention is a catalyst system for purifying exhaust gases containing 
a reductive component comprising hydrocarbon, nitrogen oxides and 

15 oxygen in excess of the stoichiometrical amount to perfectly oxidize 
all the reductive component. The catalyst system includes locating a 
hydrocarbon oxidation catalyst having high perfect oxidation activity 
of hydrocarbon at a first zone in the exhaust gases' flow path, and a 
NOx decomposition catalyst that can decompose nitrogen oxides to 

20 nitrogens and oxygens at a second zone in the exhaust gases, 

downstream in the exhaust gases' flow path from the first zone. 

With respect to the catalyst system and the method for 
purifying exhaust gases of the present invention, the catalyst in the 

25 first zone (the upstream zone in the exhaust gases) has no particular 
limitation other than the catalyst can preferably achieve oxidation for 
hydrocarbon to C0 2 and H z O, preferably can achieve perfect 
oxidation for hydrocarbons to C0 2 and H 2 0, more preferably can 
achieve high of perfect oxidation for hydrocarbon to C0 2 and H 2 0. 

30 The conversion HC in the first catalyst zone is preferably about 50% 
or more, more preferably about 90% or more (expressed as volume 
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volume %; gas compositions expressed herein as volume % unless 
otherwise indicated). If the first zone catalyst does not have high 
perfect oxidation ability for hydrocarbon, a considerable amount of 
HC is not oxidized and such HC leaves the first zone catalyst, or CO, 
5 a partial oxidization product of HC, is produced. Such remaining 

reductive compound can negatively impact the activity and selectivity 
of the NOx decomposition catalyst located at the second zone 
downstream in the exhaust gases' flow path from the first zone. 

10 Especially, in the case of using platinum catalyst on carrier as 

the second zone catalyst; when a considerable amount of HC leaves 
the first zone catalyst without oxidation in the exhaust gases 
containing the higher amount of oxygen, partial reduction of NOx to 
N 2 0 by HC becomes a main reaction at the second zone catalyst. 

1 5 Therefore this is not preferable. 

CO in exhaust gases is an intermediate produced by partial 
oxidation of HC. Generally a catalyst having high perfect oxidation 
ability for HC necessary promotes the oxidation of CO to C0 2 . 

20 Especially, the catalyst having high oxidation activity of HC 

necessarily has high oxidation activity of CO in the exhaust gases 
that contain an excess amount of oxygen. Such HC oxidation 
catalyst at the first catalyst zone is preferable to have lower 
convertive (oxidation/reduction) activity of NO. In the presence of 

25 excess amount of oxygen, NO reacts with 0 2 and is oxidized to N0 2 , 
or NO is partially reduced by HC and N 2 0 is produced. Because N0 2 
is more poisonous to humans than NO, and N 2 0 is more difficult to 
decompose than NO, the first zone catalyst preferably does not 
cause NO to be oxidized to N0 2 , and does not cause NO to be 

30 reduced to N 2 0 by the HC oxidation catalyst to the largest extent 
possible. 



-9- 



2159956 



To achieve such perfect oxidation activity of CO and HC at a 
wide range of exhaust gases temperatures, the catalyst preferably 
has superior low temperature activity. Further, in case of use for 
purifying exhaust gases in internal combustion engines, such as lean- 
5 burn engines, diesel engines and so on # it is preferable to place the 
first zone catalyst near the exhaust manifold to improve the removal 
ratio of CO and HC to a high level as may be required under future 
emission standards as discussed above. Thus, the first zone catalyst 
preferably has high temperature thermal resistance, including thermal 
10 resistance (i.e. does not decompose during regular use) up to about 
900°C. 

Various noble metal catalysts on a carrier can be used for such 
HC oxidation first zone catalysts. Preferred first zone catalysts are 

1 5 those that comprise at least one metal selected from the group 
consisting of platinum, palladium, rhodium and iridium (called 
"elements of the platinum group" below) on a refractory porous 
carrier. By manipulating the carrier(s) used for and the manner of 
loading the first zone catalyst on a carrier, the perfect oxidation 

20 ability of HC can be raised and the conversion activity of NO can be 
controlled. 

In other embodiments of the present invention, preferred first 
zone catalysts are those which comprise at least one metal selected 
25 from the group consisting of platinum, palladium, rhodium and iridium 
in the presence of gold loaded on a refractory porous metal oxide 
carrier, particularly to achieve high perfect oxidation ability of HC and 
to control NO conversion activity., 

30 Exemplary carriers of such loaded noble metal catalyst include 

refractory inorganic carriers, for example alumina, silica, titania, 
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10 



zirconia, silica-alumina, titania-silica, aluminosilicate, 
aluminophosphate, silicoaluminophosphate, zirconiumphosphate, 
siliconcarbide, etc.; and more preferable are the refractory porous 
metal oxide carriers, such as activated alumina, silica, silica-alumina. 

The amount of the noble element loaded on the first zone 
catalyst can suitably vary, and is generally about 0.1 % to 5.0% by 
weight to gross weight of the catalyst, preferably about 0.5% to 
2.0% by weight. 



In case of multi-components of loaded noble metal catalyst, 
total loaded amount of the noble metal is 0.1% to 5.0% by weight, 
and is preferably 0.5% to 2.0% by weight. If the loaded amount is 
too small, HC oxidation activity may not be sufficient. If the loaded 

1 5 amount is too large, the dispersion degree of the noble metal may 
decrease. In these cases, the light-off temperature of HC oxidation 
reaction increases, HC conversion ratio decreases and the extent of 
the NO conversion reaction tends to increases, which is less 
desirable. In case of a loaded catalyst containing elements of the 

20 platinum group and gold, the ratio of loaded amount of elements of 
the platinum group to gold is suitably about 5:1 to 100:1 by weight. 
If the loaded amount of gold is too large, HC oxidation activity can be 
prevented or inhibited, and if the loaded amount of gold is too small, 
control of NO conversion activity may be prevented or inhibited. 

25 

The catalysts may be shaped as desired, or the catalysts may 
be coated and used on pre-shaped refractory support substrate. A 
first zone catalyst may be constructed with a housing into which the 
HC catalyst of any shape can be charged or loaded. The shape of 
30 the first catalyst is not limited and for example beads, pellets, rings, 
honeycomb and/or foam can be used. Preferred is a first zone 
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catalyst which comprises the catalyst itself coated onto a 
honeycomb-shaped monolith support substrate having many open 
channels along the exhaust gases' flow and formed from refractory 
ceramics, such as cordierite, mullite, siliconcarbide, etc., stainless 
5 steels, etc. Such a catalyst structure can increase contact area of 
the catalyst and exhaust gases with control of pressure drop. 



The second zone catalyst of the method for purifying exhaust 
gases of the present invention, which the exhaust gases connect 

10 after CO and HC of the gases have been oxidized upstream in the 
exhaust gases' flow on the first zone catalyst, is not particularly 
limited, except that the catalyst should promote catalytic NOx 
decomposition under a lowered HC concentration or in the substantial 
absence of HC and in the presence of excess oxygen. The NOx 

15 purification ratio (defined below) is suitably at least about 20%, 
preferably 30% or more, more preferably 40% or more. 



Exemplary of such second zone NOx decomposition catalyst in 
the presence of excess oxygen include catalysts which comprise at 

20 least one metal selected from group consisting of platinum, rhodium, 
iridium, preferably loaded on a refractory inorganic support. The NOx 
decomposition activity may be raised by the carrier used and the 
manner in which the carrier is loaded with active metal. Especially 
preferred is a second zone catalyst comprising platinum loaded on 

25 porous metal oxide carriers such as alumina, silica, titania, zirconia, 
silica-alumina etc. 



The loaded amount of noble metal element of the second area 
catalyst is generally about 0.5% to 15% by weight to gross weight 
30 of the catalyst, preferably, about 3% to 10% by weight. If the 
loaded amount of noble metal is too small, NOx decomposition 



-12- 



activity may not be sufficient, and if the loaded amount of noble 
metal is too large, NOx decomposition activity may not increase in 
proportion to increase of the loaded amount, which is less preferred. 



5 With respect to the second zone catalyst, platinum loaded on 

active alumina carrier at the ratio of about 3% to 10% by weight is 
especially preferable. However, in cases where the amount of HC 
with respect to NOx is high in the exhaust gases that contact the 
second zone loaded noble catalyst, especially loaded platinum 

10 catalyst, the reduction of NOx by HC can occur and the production 
of N 2 0 can increase. In the case of a sufficiently low HC 
concentration with respect to NOx or in the substantial absence of 
HC, and where the exhaust gases are in the temperature range of 
200°C to 500°C at the inlet or entrance (upstream side) of the 

15 second catalyst zone, the NOx decomposition reaction takes 
precedence over the reduction reaction of NOx by HC. 



The upper limit of the ratio of the HC concentration {methane 
reduced concentration of HC, referred to herein as THC) to NOx 
20 concentration (THC/NOx) in the exhaust gases so that the NOx 

decomposition reaction is promoted may be determined depending on 
the types of HC in the exhaust gases or on reaction conditions. 
Preferably the ratio of THC to NOx is less than 1, more preferably the 
ratio THC/NOx is less than 0.3. 

25 

However, the method of the present invention is not limited to 
the above range of the ratio of THC to NOx, particularly if only 
exhaust gases, having lower HC concentration than the HC 
concentration of the exhaust gases at the inlet (upstream portion) of 
30 the first zone catalyst, contact the second zone catalyst so that NOx 
decomposition activity of the second catalyst area may be enhanced 



-13- 



and the effect of the method of the present invention can be 
achieved. 

The catalyst of the second zone may be formed itself in a 
5 certain shape, or the catalyst may be coated onto and used on a pre- 
shaped refractory support substrate. A second zone catalyst may be 
constructed with a housing into which the NOx decomposition 
catalyst of any shape can be charged or loaded. The shape of the 
second zone catalyst is not limited and for example beads, pellets, 

10 rings, honeycomb and/or foam can be used. Preferred is a second 
zone catalyst which comprises the catalyst itself coated onto a 
honeycomb-shaped monolith support substrate having many open 
channels to permit the exhaust gases' flow therethrough and formed 
refractory ceramics such as cordierite, mullite, siliconcarbide etc., 

15 stainless steels, etc. Such a catalyst structure can increase contact 
area of the catalyst and exhaust gases with control of pressure drop. 

If desired, the first and second zone catalysts can be coated 
onto the same brick or unit of honeycomb substrate with separation 

20 of the respective zones of application of the first and second zone 
catalysts so that the first zone catalyst is coated onto an upstream 
area or zone of the honeycomb structure upon placement of the 
structure in an exhaust gas flowpath, and the second zone catalyst is 
coated onto a downstream area of the same honeycomb structure 

25 upon placement of the structure in an exhaust gas flowpath. 

The method of the present invention for purifying the exhaust 
gases containing reductive component comprising hydrocarbon, 
nitrogen oxides and excess amount of oxygen than the 
30 stoichiometrical amount to perfectly oxidize all the reductive 

component, is the method in which said exhaust gases contact with 
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HC oxidation catalyst having higher perfect oxidation ability of HC at 
the first zone in the gas flow, and secondly the gases contact with 
NOx decomposition catalyst which decomposes NOx to N 2 in the 
second zone downstream in the exhaust gases flowpath with respect 
5 to the first zone catalyst and in the presence of a lower concentration 
of HC relative to the concentration upstream at the first zone 
catalyst, or in the substantial absence of HC. By the purifying 
method of the present invention, CO and HC in the exhaust gases 
containing excess oxygen are perfectly oxidized at higher conversion 

1 0 and removed and NOx is decomposed and removed with no or 
essentially no production of N 2 0 as a by-product. Use of the 
catalysts system of the invention preferably provides a N 2 0 
production ratio (defined below) of 20% or less, more preferably 
about 10% or less, still more preferably a N 2 0 production ratio of 

1 5 about 7% or less. 

The inlet gas temperature of the first zone and second zone 
catalyst (i.e. the temperature of the exhaust gas as it contacts the 
first and second zone catalysts respectively) has particular no 
20 limitation, except the inlet gas temperature should be sufficient to 

perfectly oxidize HC and CO, control NOx conversion reaction for the 
first zone catalyst and effectively decompose NOx (i.e. essentially no 
production of N 2 0 as a by-product) for the second zone catalyst, 
respectively. 

25 

Preferably, the inlet gas temperature of the first zone catalyst 
is higher than 200°C and lower than 700°C. If the temperature is 
too low, HC perfect oxidation activity make not be sufficient, HC 
concentration in exhaust gases supplied to the second zone catalyst 
30 may increase, and the selectivity of NOx decomposition reaction in 
the second zone catalyst may decrease. If the inlet gas temperature 
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of the first zone catalyst is too high, aggregation (sintering) of the 
catalytic active component can occur and the higher activity of HC 
oxidation may be inhibited. 

5 The inlet gas temperature of the second zone catalyst is 

preferably from about 150°C to 450°C / more preferably the 
temperature is from about 200°C to 400°C. If the inlet temperature 
is too low, NOx decomposition reaction may be inhibited, and if it is 
too high, NOx removal ratio may decrease. Generally, other than any 

10 exothermal reaction heat generated on the first catalyst zone, the 

further exhaust gases have flowed from a gas generating source the 
cooler the exhaust gases will be, and the inlet gas temperature of the 
second zone catalyst can be made lower than the inlet gas 
temperature of the first zone catalyst for the same exhaust gas. The 

15 second zone catalyst may be placed directly behind the first zone 
catalyst or may be placed at a certain distance from the first zone 
catalyst. The positioning and attachment of the first and second 
zone catalysts in the exhaust gas flow path may be selected to 
achieve the most effective result. 

20 

Thus, both the first and second catalyst zones can be 
positioned in a single housing placed in the exhaust gas flow path. 
Alternatively, two or more housings can be placed in the exhaust gas 
flow path, a first upstream housing containing the first catalyst zone 
25 and a second downstream housing containing the second catalyst 
zone. 

With respect to the exhaust gas purifying methods of the 
present invention, gas space velocity of exhaust gases which contact 
30 with the first zone catalyst and the second zone catalyst have no 
particular limitation, and generally range from about 5,000/hr to 
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200,000/hr. Preferably the gas space velocity of exhaust gases 
which contact with the first zone catalyst is from about 30,000/hr to 
1 50,000/hr, and the gas space velocity of the second zone catalyst 
preferably is from about 10,000/hr to 100,000/hr. If the gas space 
5 velocity is too small, a larger capacity of catalyst may be needed, 

which is less desirable. If the gas space velocity is too large, the HC 
light-off temperature of the first zone catalyst shifts to the higher 
temperature side, the HC conversion ratio may decrease, and the 
NOx conversion ratio of the second zone catalyst may also decrease, 
10 which is less desirable. The ratio of space velocity of the first zone 
catalyst to that of the second zone catalyst (SVysV^) also is not 
particularly limited, and preferably SN^/SVj is less than 10 and more 
than 0.1, and more preferably SV 1 /SV 2 is less than 3 and more than 
0.5. 



15 



20 



25 



As used herein the terms NOx conversion ratio and N 2 0 
producing ratio are defined to means as follows: 

A - B 

NOx conversion ratio = x 100% 



C x 2 

N 2 0 producing ratio = x 100% 



wherein A, B and C of the above formulae are defined to mean as 
follows: 

30 A: inlet NOx concentration of catalyst layer 

B: outlet NOx concentration of catalyst layer 
C: outlet N 2 0 concentration of catalyst layer 

Also, the NOx purification ratio is defined to mean herein the 
35 difference between the NOx conversion ratio and the N 2 0 producing 



-17- 



2159955 



ratio, i.e.: NOx purification ratio = NOx conversion ratio - N 2 0 
producing ratio. 

Generally, in the exhaust gases of internal combustion engines 
5 driven at higher ratios of air to fuel, hundreds to thousands parts per 
million (PPM) of CO and hundreds to thousands PPM of HC is present 
with about 3% to 15% of 0 2 and hundreds to thousands PPM of 
NOx. Consequently such exhaust gases contact the inlet (upstream 
area) of a first zone HC oxidation catalyst at about 200°C to 700°C, 
10 and such exhaust gases contact downstream therefrom the NOx 

decomposition catalyst of the second zone at about 150°C to 450°C 
at the inlet (upstream area) of that second zone catalyst, and a high 
CO and HC conversion ratio of 95% to 99.5%, and high NOx 
removal ratios of 30% to 70% are achieved as a whole. 

15 

Because the oxidation catalyst of the first zone is perfect 
oxidation catalyst of HC, it can increase the purification ratio of CO 
and HC to the same level as or higher level than the prior three-way 
catalyst, and it can be easier to increase heat resistance at high 

20 temperature. Additionally, the NOx decomposition catalyst of the 
second zone displays high NOx decomposition ratio under the 
condition that concentration of reductant of HC etc. is at a 
sufficiently low level such as exhaust gases after passing the first 
zone catalyst, or under in the substantial absence of HC. Hence, the 

25 method of purifying of the present invention is extremely effective 
method in respect of utilizing combination of advantages of two 
types of catalyst which promote different types of reactions 
respectively, and the method of the invention has great utility to 
purify exhaust gases of lean-burn engines. 

30 
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All documents mentioned herein are incorporated herein by 
reference. 



The invention will now be described with reference to several 
5 samples, examples, comparative examples thereof. It is to be 
understood that the following examples et al. are not intended to 
limit the scope of the present invention. 



SAMPLE 1 

10 Preparation of honeycomb covered with Pt-A u loaded alumina 
catalyst (1) 

(a) lOOg of activated alumina which is 150m 2 /g of BET 
specific surface area and 30 jjm of average particle diameter was 
stirred in a mixer and platinum hydroxide amine solution containing 

15 1 .0g of platinum was gradually added to the mixer, and that mixture 
was homogeneously dispersed and loaded. Then 20ml of 25% acetic 
acid solution was gradually added to the mixture and 1 % Pt-loaded 
alumina powder was obtained. After drying the thus obtained 
powder at 105°C for 16 hours, the powder was placed in an electric 

20 furnace and calcined in the air at 500 °C for 2 hours. Then 

chloroauric acid (HAuCI 4 ) deionized water solution containing 0.1g of 
gold was loaded by the water absorption method to the calcined 
powder and that mixture was calcined under the same conditions 
(i.e. air/ 500°C/2 hours), and the calcined sample was then reduced 

25 at 700°C for 2 hours in hydrogen stream, and 1% Pt-0.1% Au/Al 2 0 3 
catalyst (1) was thereby obtained. 

(b) 100g of powder catalyst (1) obtained in Sample 1 (a), 
12.5g of alumina sol (20% by weight of alumina) and 25g of 

30 deionized water were put into a ball mill pot and kneaded for 16 

hours to provide a slurry. A corepiece with 2.54 cm of diameter and 
6.35 cm of length scooped out from 400 cell commercially available 
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(N-CORE COMPANY) cordierite-honeycomb was dipped in this slurry 
and removed. Excess slurry was removed by air-blowing and the 
honeycomb was dried. The honeycomb was then calcined at 500°C 
for 30 minutes to thereby provide a catalyst (1) honeycomb, with the 
5 honeycomb coated with 100g of solid per honeycomb 1L (liter) by 
dry conversion. 

SAMPLE 2 

Preparation of honeycomb coated with Pd-Au loaded alumina catalyst 
10 121 

1.5g of sodium carbonate was added to 3L of deionized water 
and stirred and dissolved. 100g of the same activated alumina used 
in Sample 1 (a) above was added to the stirred sodium carbonate 
solution to obtain a homogeneous slurry. Then, 100ml of deionized 

15 water solution containing sodium chloropalladate containing 1.02g of 
Pd and chloroauric acid containing 0.1g of Au were added to the 
slurry over a 30 minute period, the slurry was heated to 55 °C, 
120ml of deionized water solution containing 5.5g of 30% sodium 
formate solution was added to the slurry, and after the slurry was 

20 maintained at 55 °C for 1 hour, it was cooled, filtered and washed, 
the resultant cake was dried at 105°C, and 1.0% Pd-0.1 % Au/Al 2 0 3 
catalyst (2) was obtained. The catalyst was treated in the same way 
as Sample 1 (b) above and a honeycomb structure coated with the 
catalyst (2) was prepared. 

25 

SAMPLE 3 

Preparation of honeycomb coated with Pt-Rh loaded alumina catalyst 
131 

100g of the same activated alumina as used in Sample 1 was 
30 placed in a mixer, and during stirring of the alumina 25ml of platinum 
hydroxide amine solution containing 1.7g of platinum was gradually 
added to the stirred mixture. Then 15ml of rhodium nitrate solution 
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containing 0.34g of Rh was added to the mixture, and then 8.3ml of 
25% acetic acid solution was gradually added to the mixture, and the 
mixture was then dried to thereby provide 1.7% Pt-0.34% Rh loaded 
alumina powder catalyst (3) (ratio by weight of Pt to Rh = 5:1). 
5 That dried catalyst (3) was coated onto a honeycomb structure of 
the same type as described above with respect to Sample Kb) (i.e. 
400 cell cordierite-honeycomb) and dried in the same manner as 
Sample 1(b), and the coated honeycomb structure was calcined in 
the air at 500°C for 1 hour to thereby provide the honeycomb 
10 structure coated with the catalyst (3), which is a simple model for 
the conventional three-way catalyst (TWC). 

SAMPLE 4 

Preparation of honeycomb coated with Pt loaded alumina catalyst (4) 

15 1.88ml of glacial acetic acid was added to 2L of deionized 

water, lOOg of the same activated alumina as used in Sample 1(a) 
above was added to the mixture, and during stirring of the mixture 
100ml of platinum hydroxide amine solution containing 5.26g of 
platinum was added to the stirred mixture over a period of 30 

20 minutes. The mixture was then heated from room temperature to 

95 °C over 1 hour, and 125ml of deionized water solution containing 
1.22ml of formic acid was added to the mixture kept at 95 °C over a 
period of 30 minutes. After the addition was complete, the mixture 
was maintained at 95 °C for 30 minutes, and then cooled, and the 

25 slurry was filtered and washed. After drying the thus obtained 
catalyst at 105°C for 16 hours, 5% Pt/ Al 2 0 3 catalyst (4) was 
obtained. The catalyst (4) was then coated onto a honeycomb as 
described for Sample Kb) above (i.e. 400 cell cordierite honeycomb) 
and the coated structure dried. The coated structure was then 

30 calcined in the air at 700°C for 2 hours, and the honeycomb 
structure coated with the catalyst (4) was thus prepared. 
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COMPARATIVE SAMPLE 1 

Transaction of exhaust model aas of lean-burn engines by only HC 
oxidation catalyst (1) 

The honeycomb coated with Pt-Au loaded alumina catalyst (1) 

5 was packed in stainless steel reaction tube having internal diameter 

of 30 mm with winding glass wool on the side of the honeycomb 

core for preventing gas blowing. As a model of exhaust gas emitted 

by a gasoline lean-burn engine, a mixed gas (model gas G-1) 

containing 1,000 ppm (all gas compositions expressed herein as 

10 volume % unless otherwise indicated) of NO, 1,500 ppm of 

propylene as HC, 1,000 ppm of CO, 7.5% of 0 2 , 10% of C0 2 , 10% 
of H 2 0 and the balance being N 2 was flowed into the reaction tube at 
a flow rate of 16.1 L/min (SV 30,000/hr). The inlet gas temperature 
of the catalyst layer was successively raised from 100°C to 500°C 

15 at a rate of 30°C/minute. The concentration of NOx, CO, HC and 

N 2 0 of the gases exiting from the catalyst layer were measured by a 
NOx measuring instrument, a CO measuring instrument, a HC 
measuring instrument and a N 2 0 measuring instrument respectively. 
The conversion ratio of NOx, CO and HC and the production ratio of 

20 N 2 0 with respect to the inlet gas temperatures of the catalyst layer 
(light-off performance) was assessed. 

The light-off performance of NOx, CO, HC and N 2 0 on the 
assessment of the model gas of Comparative Sample 1 is shown in 

25 Figure 1 of the Drawings. The catalyst (1) showed high conversion 
ratio of CO, HC of more than 95% at inlet temperatures of higher 
than 280°C; however, the catalyst showed less than 7% of the 
conversion ratio of NOx at temperature ranges of from 100°C to 
500°C. The results showed that the catalyst (1} had high perfect 

30 oxidation ability of CO and HC, but caused almost no reduction of 

NOx by HC. Hence, catalyst (1) hardly produced N 2 0, with less than 
6% of the producing ratio of N 2 0. Additionally, as the light-off 
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performance of NO was determined separately using a NO measuring 
instrument under conditions of the same model gas, about the same 
curve of light-off of NO as that of NOx shown in Figure 1 was 
obtained. Namely, NO was hardly oxidized to N0 2 by the catalyst 
5 (1). 



COMPARATIVE SAMPLE 2 

Transaction of exhaust model aas of lean-burn engines bv only HC 
oxidation catalyst (2) 

10 The light-off performance of NOx, CO, HC and N 2 0 were 

assessed in the same way as described at Comparative Sample 1 

except that the honeycomb coated with the catalyst (2) was used 

and packed in the reaction tube in place of the honeycomb coated 

with the catalyst (1). 

15 

The results are shown in Figure 2 of the Drawings. The results 
show the catalyst (2) was a catalyst that exhibited high conversion 
ratio of CO, HC of more than 98% at inlet temperature of the 
catalyst of higher than 220°C to 500°C, but showed less than 1 1 % 
20 of the conversion ratio of NOx at a range of temperature from 100°C 
to 500°C, and did not convert NOx but effectively oxidized CO and 
HC, and hardly produced N 2 0. Also, other assessments through use 
of a NO measuring instrument showed that the catalyst (2) hardly 
oxidized NO to N0 2 . 

25 

COMPARATIVE SAMPLE 3 

Transaction of exhaust model aas of lean-burn engines bv only TWC 
131 

The light-off performance of NOx, CO, HC and N 2 0 were 
30 assessed in the same way as described at Comparative Sample 1 
except that the honeycomb coated with the catalyst (3) was used 
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and packed in the reaction tube in place of the honeycomb coated 
with the catalyst (1 ). 

The results are shown in Figure 3 of the Drawings. The 
5 catalyst (3) showed high conversion ratio of CO, HC of more than 
95% at entrance temperatures of higher than 250°C, and achieved 
NOx converting reaction at the same time, and achieved a maximum 
NOx conversion ratio of 50% at nearly 240°C. However, the 
catalyst (3) achieved N 2 0 production ratio of 38% at maximum, 

10 converted nearly 70% to 80% of converted NOx to N 2 0, and showed 
remarkable low NOx purification ratio at temperatures greater than 
350°C. Namely, the result showed that a mere loaded noble metal 
catalyst, such as the prior TWCs (three way catalysts), caused partial 
reduction of NO to N 2 0 by HC at the same time as oxidation of CO 

15 and HC, and had an imperfect purifying ability of NOx. 

EXAMPLE 1 

Transaction of exhaust m odel aas of lean-burn engines bv NOx 
decomposition catalyst (4) 

20 The dependence of NOx conversion ratio and N 2 0 production 

ratio on the inlet gas temperature were assessed in the same way as 
described at Comparative Sample 1 except for using the honeycomb 
coated with the catalyst (4) in place of the honeycomb coated with 
the catalyst (1) of Comparative Sample 1 and using a mixed gas 

25 (model gas G-2) containing 1,000 ppm of NO, 0 ppm of propylene as 
HC, 0 ppm of CO, 7.5% of 0 2 , 10% of C0 2 , 10% of H 2 0 and the 
balance being N 2 in place of the model gas G-1 . 

The results are shown in Figure 4 of the Drawings. The 
30 catalyst (4) showed a preferable conversion ratio of NOx of more 
than 40% at wide range of temperature from 280°C to 400°C, 
generated hardly N 2 0, and effectively made NOx harmless. The 
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model gas G-2 is a model gas system with CO and HC removed from 
the model gas G-1 as described above by the perfect oxidation, and 
can be regarded as an outlet gas of a catalyst after the model gas G- 
1 has contacted HC oxidation catalyst (1) or (2). Therefore, it is 
5 clear that the NOx decomposition catalyst of the present invention 
showed superior denitrification ability for such exhaust gas 
containing no HC. 

COMPARATIVE SAMPLE 4 

10 Transaction of exhaust model aas of lean-burn engines bv NOx 
decomposition catalyst (4) 

The dependence of HC and NOx conversion ratio and N 2 0 
production ratio on the catalyst inlet temperature was assessed in the 
same way as described at Comparative Sample 1 except for using a 
15 mixed gas (model gas G-3) containing 1,000 ppm of NO, 1,500 ppm 
of propylene as HC, 0 ppm of CO, 7.5% of 0 2 , 10% of C0 2 , 10% 
of H 2 0 and the balance being N 2 in place of the model gas of lean- 
burn engines G-1 . 

20 The results are shown in Figure 5 of the Drawings. The 

catalyst (4), which showed superior purifying ability of NOx in a non- 
HC system in Example 1 above, produced N 2 0 from nearly 80% of 
converted NOx in the presence of considerable amounts of HC to 
NOx. It was clear that the catalyst (4), which predominately caused 

25 NOx decomposition reaction in a non-HC system, predominately 
caused a reduction reaction of NOx by HC at HC existing system 
rather than decomposition reaction of NOx, and on such reduction 
reaction of NOx by HC, NOx was not rendered harmless. Hence, it 
was clear that N 2 0 production in the latter system is not controlled in 

30 the method of treating exhaust gases described in the above 

mentioned reports (Japanese Patent Laid-Open No. Hei 5-7737 
(93/7737)), in which a CO oxidation catalyst was placed at the front 
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step and a NOx reduction catalyst was placed at the latter step, 
because production of N 2 0 is due not to the presence of CO, but 
rather as the result of the presence of HC. 

5 EXAMPLE 2 

Transaction of exhaust model aas of lean-burn engines bv HC 
oxidation catalyst (1) (upstream) ± NOx decomposition catalyst (4) 
(downstream) 

NOx, CO, HC and N 2 0 in the outlet gas of the downstream 
10 second zone catalyst layer were measured in the same way as 

Comparative Sample 1. The honeycomb coated with the catalyst (1) 
was cut in 1/3 of its length and placed upstream of gas flow in the 
reaction tube as described in Comparative Sample 1 above, and the 
honeycomb coated with the catalyst (4) was cut 2/3 length of its 
15 length and placed at the downstream of the honeycomb coated with 
catalyst (1), respectively, and the exhaust gas passed through the 
reaction tube to first contact the catalyst layer (1) and then contact 
to the catalyst (4). The effect of the inlet gas temperature of the 
upstream catalyst layer on the conversion ratio of NOx, CO, HC and 
20 N 2 0 production ratio is shown in Figure 6 of the Drawings. 

The catalysts showed high conversion ratio of CO, HC of more 
than 95% at higher than 280°C and also good NOx conversion ratio 
of more than 30% at relatively wide range of temperature from 

25 250°C to 400°C. The catalysts also showed a N 2 0 production ratio 
of less than 5% at all temperatures examined in the range of 100°C 
to 500°C. As can be seen upon comparison of this Example 2 with 
Comparative Sample 4, it is clear that placement of the HC oxidation 
catalyst upstream in the exhaust gases provides the ability to purify 

30 NOx. As also shown by comparison of the results of this Example 2 
with Comparative Sample 1 above, it is clear that use of a NOx 
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decomposition catalyst downstream from the first zone catalyst 
provides the ability to effectively purify NOx. 

EXAMPLE 3 

5 Transaction of exhaust model aas of lean-burn engines bv HC 

oxidation catalyst (2) (upstream) + NOx decomposition catalyst (4) 
(downstream) 

The ability of a catalyst system of the invention to purify the 
exhaust model gas G-1 (as such exhaust gas is identified above) was 

10 determined in the same manner as described in Example 2 above, 
except the honeycomb structure coated with the catalyst (2) was 
used as the first zone upstream catalyst in place of the honeycomb 
coated with the catalyst (1) employed in Example 2. The effect of 
the inlet gas temperature of the upstream catalyst layer on the 

15 conversion ratio of NOx, CO, HC and N 2 0 production ratio is shown 
in Figure 7. The catalyst system showed high conversion ratio of 
CO, HC of more than 97% at higher than 250°C and also good NOx 
conversion ratio of more than 30% at wide range of temperature 
from 220°C to 380°C. The catalysts also showed N 2 0 producing 

20 ratio of less than 5% throughout the temperature range of from 
100°C to 500°C. As shown by comparison of the results of this 
Example 3 with Comparative Sample 4 above, it is clear that use of 
the HC oxidation catalyst upstream in the exhaust gases provides the 
ability to effectively purify NOx. As also shown by comparison of 

25 the results of this Example 3 with Comparative Sample 2, it is clear 
that use of a NOx decomposition catalyst downstream from the first 
zone catalyst provides the ability to effectively purify NOx. 
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE 
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS: 

1 . A two-step catalyst system for purifying exhaust gases 
containing a reductive component comprising hydrocarbon, nitrogen 
oxides and excess amount of oxygen than the stoichiometrical 
amount to perfectly oxidize all the reduction component, 

the catalyst system comprising placing a hydrocarbon 
oxidization catalyst having oxidation activity of hydrocarbons at a 
first zone in the flow path of the exhaust gases, and placing a NOx 
decomposition catalyst for decomposing nitrogen oxides to nitrogens 
and oxygens at a second area in the exhaust gases flow path 
downstream from the first area. 

2. The two-step catalyst system according to claim 1 
wherein the catalyst of the first and second zones each comprises at 
least one material selected from platinum, palladium, rhodium or 
iridium, loaded on a refractory porous carrier. 

3. The two-step catalyst system according to claim 1 or 2 
wherein the first zone catalyst comprises at least one material 
selected from platinum, palladium, rhodium and iridium and gold, 
loaded on a refractory porous carrier. 

4. The two-step catalyst system according to claim 1 or 2 
wherein the second zone catalyst is platinum loaded on a refractory 
porous carrier. 

5. A method of purifying exhaust gases comprising a 
reduction component comprising hydrocarbon, nitrogen oxides and 
excess amount of oxygen than the stoichiometrical amount to 
perfectly oxidize all the reduction component, 



-28- 



2159956 



the method comprising contacting the exhaust gases with 
hydrocarbon oxidation catalyst having oxidation activity of 
hydrocarbon at the first zone of the exhaust gases flow path, and 
thereafter contacting the exhaust gases with a NOx decomposition 
catalyst to decompose nitrogen oxides to nitrogens and oxygens at a 
second zone of the flow path downstream from the first zone. 

6. The method of purifying according to claim 5 wherein the 
concentration of hydrocarbon in the exhaust gases at the inlet of the 
catalyst of the second zone is lower than that of the inlet of the 
catalyst of the first zone. 

7. The method of purifying according to claim 5 or 6 wherein 
the catalyst of the first zone and the second zone each comprises at 
least one material selected from platinum, palladium, rhodium or 
iridium, loaded on a refractory porous carrier. 

8. The method of purifying according to claim 5 or 6 wherein 
the first zone catalyst comprises at least one material selected from 
platinum, palladium, rhodium and iridium and gold, loaded on a 
refractory porous carrier. 

9. The method of purifying according to claim 5 or 6 wherein 
the second area catalyst is platinum loaded on a refractory porous 
carrier. 

10. The method according to claim 5 wherein the NOx 
purification ratio is 20% or greater and the N 2 0 production ratio is 
20% or less. 

101 Richmond 0!:. V.'^st 
Toronto, Canada 2J7 
Patent Agents of ; -scant 
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